Introduction: The objective of this study was to
INTRODUCTION
Over one million people experience a new stroke every year in Europe and the United States and between 30% and 66% of those affected have persistent deficits in upper limb (UL) function 6 months after stroke [1] , which affects the ability of individuals to participate in activities of daily living and diminishes their quality of life [2] . The aim of rehabilitation is to limit post-stroke functional impairments that result from brain damage and to enlarge cortical representation and functional connectivity through neuroplastic mechanisms.
Research has focused on exploring ways to drive and shape neuroplasticity to improve functional outcomes after stroke. For example, task-specific training causes reorganization in sensory and motor cortices in adult mammals [3] and enhanced learning occurs when participants practice a variety of related tasks [4, 5] . Motor learning is largely dependent on the type of movements practiced [6] , intensity of practice [7] as well as environmental context in which practice occurs [8] , including feedback [9] . These key elements of motor learning need to be integrated into rehabilitation paradigms aimed at motor recovery to maximally engage neuroplastic mechanisms [8, 10] .
Virtual reality (VR) is a computer technology incorporating relevant feedback into simulated environments [11] . For UL motor rehabilitation, users interact with virtual objects directly via hand/body movements or through haptic or nonhaptic interfaces (e.g., glove, joystick, mouse), and perform actions that engender a feeling of being present in the simulated environment. VR may facilitate the application of motor learning and neuroplasticity principles during rehabilitation by adjusting stimuli to respond to actions in real-time and by incorporating and manipulating feedback [12] .
Although studied as an evaluation and treatment tool for stroke for 15 years, evidence regarding the effectiveness of VR applications for rehabilitation is still sparse. VR-based rehabilitation is a relatively young, interdisciplinary field whose trajectory can be modeled by the Technology Hype Cycle described by the Gartner Group and applied to this field first by Rizzo and Kim [12, 13] . The earliest VR studies reported primarily on the development of novel applications and the demonstration of their feasibility and usability on small numbers of participants. As the field developed, the focus of research was directed towards small studies, often without a control group. One study evaluated the effects of a 4-week VR-based intervention (60 min/day, 5 days/week) on 10 patients with chronic stroke [14] . The UL exercise intervention, provided by a videocapture VR system (IREX Ò , GestureTek, Inc., Toronto, Canada) using a variety of games, resulted in cortical reorganization according to fMRI scans. Different types of VR environments have system-specific attributes but their relative benefits are largely unidentified. These systems have been described in the literature [15] [16] [17] [18] [19] and systematic reviews [20] [21] [22] [23] , which have evaluated the strength of evidence concerning the effectiveness of VR as a tool for stroke rehabilitation. The majority of studies concerned individuals who were being treated to improve UL recovery. Each review concluded that while the data were promising, there is a need to improve the level of research evidence by carrying out randomized control trials (RCT).
Most systematic reviews have included a heterogeneous mix of VR applications under the common theme of ''VR treatments'' (e.g., [15] [31] . The reaching movements combined shoulder flexion to *130°, shoulder abduction to *60°, elbow extension to *180°, and wrist flexion and extension. Reaching movements were made into all areas of the arm workspace (e.g., ipsilateral, contralateral, midline, upper, and lower) to accomplish discrete and sequential reaching movements. Practice in the VE did not include grasping and manipulation tasks. Conventional therapy consisted of occupational therapy, including exercises involving reaching for and holding cones, cups, and other objects in all motion planes with and without external loading. These tasks were performed in a standard clinical treatment room.
The two types of therapy were equivalent in duration and type of feedback provided by the therapist concerning the quality of the reaching movements (e.g., amount of elbow extension, shoulder flexion) as well as the use of compensatory movements (e.g., trunk displacement). Participants in both environments were encouraged to work as hard as possible but the number of trials was not prescribed to avoid making the activities artificial. For both groups, the initial level of task difficulty was matched to patient impairment level and increased throughout the intervention to ensure that practice remained challenging to the individual.
Instruments
The VR therapy was done on the Gesture
video-capture system [19] . Users stood or sat in a demarcated area with a chroma-key backdrop and viewed a simulated VE on a 34 00 screen. The user's image was recorded and displayed within the VE, which responded to user gestures in real-time.
Primary Outcome Measures
Primary outcomes were clinical measures of UL performance at three levels of the International Classification of Function [32] . At the Body Structure and Function level, UL impairment was assessed with Fugl-Meyer Arm Scale (FMA) [33] (total score = 66), spasticity in elbow flexors
was assessed with the Composite Spasticity Index (CSI) [34] in which scores of 0-6, 7-9, and 10-16 correspond to mild, moderate, and severe spasticity respectively and motor compensations were assessed with the Reaching Performance Scale for Stroke (RPSS) [35] , which evaluated six movement components for a total score of 18. To assess the UL Activity level, the authors used the Box and Blocks test (BBT) [36] 
RESULTS

Effect of Treatment
All subjects in both groups completed all study phases. Groups were similar in age, gender, and time since lesion with no between-group differences ( Table 1 ). The VR group included three men and three women and had a mean age of 58.1 ± 14.6 years. The Conventional group also included three men and three women with a mean age of 59.8 ± 15.1 years.
Hand dominance was based on patient report of which hand was used for writing before the stroke (Table 1) . Mean (SD) scores for all clinical outcomes for each group and time period are listed in Table 2 . Mean values of initial, post-test and follow-up scores are listed for individual subjects in each group in Tables 3 and 4 .
At the Body Structure and Function level, more patients in VR improved FMA scores at post-test compared to conventional therapy (VR:
four of six; Conventional: one of six, Table 3 ). Two patients in the VR group and one in the conventional group maintained the improvement at follow-up. In the conventional group, two additional patients improved only at follow-up. Spasticity decreased in both groups (VR: three of six at post-test, four of six at followup; Conventional: two of six at post-test, four of six at follow-up). Changes in the RPSS also occurred in both groups, with four and three compared to three and four patients improving reaching performance at post-test and follow-up for VR and Conventional, respectively (Table 4) . At the Activity level, only one or two subjects improved performance on BBT in each group.
However, there was a stronger effect of training on WMFT in the VR group (mean score) with five of six subjects improving at post-test compared to three of six subjects in the Conventional group. Improvements at followup were maintained in all five subjects in the VR group and in two of six subjects in the Conventional group. Timed WMFT scores improved in one to two subjects per group, but worsened in three of six subjects who received conventional training. This performance decrease was maintained in one of these subjects. In VR, one subject's performance on the timed WMFT worsened at post-test.
The frequency (MAL-AOU) and quality of (MAL-QOM) of daily arm use was unchanged in both groups (Table 2) . However, patients in VR reported being more motivated to improve affected-arm reaching ability, that they felt more challenged by the intervention, and that their enjoyment of the activity helped them persist in the task even when it was difficult or they felt fatigued. Both patients and therapists reported a steady progression in the ability of patients to cope with an increasing level of difficulty as the VR intervention continued. In particular, VR participants commented on the realism of the experience, which was enhanced by the visual and auditory feedback during the games. All VR participants indicated that the VR-based exercise was more dynamic, interesting, meaningful, and motivating than their previously experienced exercises performed with conventional equipment and that participants tended to make more movements in the VR environment. Therapists noted that VR participants tended to take more initiative during therapy, requesting specific virtual tasks that they found to be effective. None of the patients, including the more elderly participants, regarded the need to cope with the VR technology as a deterrent to their participation, and no adverse effects of training in either environment were reported. and activity improved to the same or better extent when therapy was delivered in the 2D VR environment as compared to the conventional physical environment. These improvements occurred in spite of evidence that movement patterns used to produce reaching movements might be different from those performed in physical environments for equivalent tasks. In a study comparing the kinematics of reaching into different parts of the arm workspace in an IREX VR environment, movements were made in a substantially different way from those made to equivalent targets in a physical environment [26] . That study concluded that movements in the 2D VR environment were affected by the lack of environmental depth cues [46] such that sagittally directed reaching movements were viewed as occurring in the coronal plane. Nevertheless, in spite of the potentially altered movement patterns in the video-capture VR, improvements in clinical impairment and activity occurred. One explanation for better clinical outcomes is that the VR environment allowed patients to practice different combinations of joint rotations that were unconstrained by physical task requirements (e.g., having to adopt a specific orientation of the hand to enable grasping of a physical object). Thus, by practicing movement combinations with fewer constraints in VR, 
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Bolded and italic numbers indicate significant positive and negative effects, respectively patients may have learned more effective ways to combine joint rotations to accomplish tasks on clinical tests [47] . Having more effective movement does not necessarily imply that the movement is of better quality. In our study, not all of the functional improvements were accompanied by improvements in movement quality. Indeed, only one subject (subject 1) in the conventional group improved both UL function (WMFT) and arm movement quality (RPSS), whereas a larger number of patients in the VR group (three; patients 1, 3, and 5) improved both function and quality (Tables 3, 4) . A better understanding of whether compensatory movement patterns accounted for clinical improvements can only be gained by a [48] .
Specific attributes of the VR system may have accounted for better outcomes in the VR group.
These include the opportunity to practice tasks in a variety of simulated settings in which patients may be motivated to interact repeatedly, and that the level of difficulty of the activity can be graded to the motor ability level of the patient. Another important attribute is the provision of different types of feedback.
Feedback during VR treatment was provided by the therapist in combination with system-based feedback. The enhanced feedback in the VR environment may have allowed patients to learn more effective movement through both extrinsic and intrinsic mechanisms [49] .
Indeed, a recent study comparing practice in VR and conventional environments that was matched for intensity and feedback concluded that patients in the VE group incorporated feedback more effectively than those in the conventional environment as improvements in reaching movements were obtained with less motor compensation [50] .
Two-dimensional video-capture environments have the potential to be used in rehabilitation as they are relatively low cost, easy to use, and developed specifically to address rehabilitation goals such as sitting and standing balance and goal-directed reaching [19] . However, this environment has specific characteristics that likely influence its effectiveness for UL rehabilitation. In a video-capture VR environment, users see a projected mirror image of themselves (third-person view) instead of a firstperson view, which includes their virtual arm and/ or hand. When movements are performed from a first-person perspective, kinesthetic information is fed back to the system from the moving arm. However, from a third-person perspective, visual and kinesthetic information do not match, requiring a visuomotor transformation [51] . In healthy subjects, movement representations may be comparable when viewed from different perspectives as the time to complete a grasping movement is similar during executed or imagined tasks from a first-or third-person perspective [52] .
However, this may not be true when visuomotor transformation areas such as parietal cortex sustain stroke-related damage [53] . Nevertheless, the finding of the current study, that patients with stroke could improve clinical outcomes when practicing in 2D video-capture VE alone, suggests they were able to derive benefits of the VE practice environment regardless of the potential differences in sensorimotor representation and transformation. The positive results of UL practice in VE suggest that it may be considered as an adjunct treatment in clinical settings to increase the amount of arm movements and, hence, the intensity of UL rehabilitation.
Study Limitations
Despite these encouraging results, it is not yet possible to conclude from this and other studies that VR is more effective than conventional UL therapy because of the small sample size. However, the current advantage of VR training over conventional training (i.e., more and earlier changes in UL performance), adds to the steadily Hashomer, Israel, hosted the study and provided access to patients. Dr. Levin is the guarantor for this article, and takes responsibility for the integrity of the work as a whole.
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